Oleuropein, a secoiridoid glycoside, is a potential antioxidant and antimicrobial agent. The aim of the present study was to investigate the in vitro effects of oleuropein and Olea europaea extracts on unstimulated lymphocytes. Oleuropein did not produce any significant cytotoxic effects on lymphocytes. On the contrary, it had a stimulatory effect, and was capable of inducing and maintaining high proliferation rates in lymphocytes. The stimulatory effects of oleuropein and extracts were concentration-dependent with a range of median stimulatory concentration 1 mM at 48 h. The cytotoxicity effect of oleuropein and extracts increased with time resulting in a greater cytotoxic effect on already-stimulated lymphocytes at 96 h even though dose dependence was not demonstrated. Morphological observations showed that oleuropein and extracts induced blastogenesis similar to that of phytohaemagglutinin (PHA). In fact, from lymphocyte activation studies, oleuropein exhibited a high degree of lymphocyte aggregation, which is an indicator of cell activation and proliferation.
The olive tree produces an important group of secondary metabolites, secoiridoid glycosides, that are currently investigated for their reputed beneficial effects such as the reduced incidence and severity of coronary heart disease associated with the Mediterranean diet [3] . One particular secoiridoid glycoside of interest is oleuropein, which is found both in the oil and in the leaves [4] . This compound possesses antimicrobial [5] , antimycoplasmal [6] , antioxidant [7, 8] and antiviral activity [9] .
Several reports claim that oleuropein is an immune booster [10] . Despite these reports, no in vitro or in vivo studies were performed to prove this activity. This present study was carried out to determine the Oleuropein and extract OL1 exhibited a significant effect (Table 1 ) on brine shrimp (BST) cultures (<1000 μg/mL) as opposed to extract NL1 (1677 μg/mL). In spite of these differences, no statistical differences were observed between the three treatments. As a result, these treatments were studied for their effects on the mitochondrial activity of human peripheral T-lymphocytes.
The stimulatory effects of the extracts and oleuropein on lymphocytes were confirmed in the WST-1 test ( Table 1 ). All three treatments showed a concentration-dependent stimulatory effect. The median stimulatory concentration (SC 50 ) was less than 0.054 µg/mL for extract NL1, followed by 0.146 µg/mL (0.27 µM) for oleuropein and 3.19 µg/mL for extract OL1 after 48 h, indicating that NL1 gave the strongest stimulatory effect. In spite of the variation, the values were not statistically different. The extracts from olive leaves, showed a relatively low degree of cytotoxicity (Table 2) . At 48 h, this was basically up to 20.2% for OL1-treated cultures (p<0.05, v=39) and 9.8% for NL1-treated cells, which compare well to the cytotoxicity of phytohaemagglutinin (PHA), which reached a peak of 9.9% at 48 h. At 96 h, the cytotoxicity values were slightly elevated compared to the 48 h values, especially for oleuropein and OL1 (p<0.05, v =39, both).
From the morphological assay, the qualitative ( Figure  2 ) and quantitative effects ( Figure 3 ) of oleuropein, extracts (NL1 and OL1) and PHA were observed at 48 h. The qualitative analysis was based on the characteristics of stimulated and resting lymphocytes.
The untreated control showed no sign of lymphocyte stimulation as opposed to the treated cells. Unstimulated lymphocytes exhibited an average diameter of approximately 7 µm [11] with a condensed nucleus and a high nucleus to cytoplasmic ratio. Activated lymphocytes ranged between 20 and 40 µm in diameter with a central or slightly eccentric, round, euchromatic nucleus and a nucleolus was usually present ( Figure 2 ). There was no difference in the morphology of activated lymphocytes after treatment with oleuropein, the extracts and PHA, and no evidence of apoptosis was observed. Another qualitative attribute was the ability of lymphocytes to aggregate when stimulated [12] .
Aggregation is another morphological parameter of activation. It was observed that oleuropein exhibited a high degree of cellular aggregation, followed by PHA and the two olive leaf extracts. This aggregation was dose-dependent with PHA exhibiting a small number of aggregates with a high cell number within the aggregates. Quantitative results confirmed the qualitative analysis, showing a high rate of activated lymphocytes at 48 hours from drug introduction ( Figure 3 ).
Oleuropein, PHA and NL1 exhibited very similar trends, but OL1 showed a superior ability to activate lymphocytes (p<0.05, v=19). Very few untreated cells exhibited activation (3.6%).
In previous studies, the effects of oleuropein on normal peripheral lymphocytes were not investigated. However, the olive leaf extract has been studied for its anti-HIVactivity on infected T-lymphocytes [13] .
A study by Visioli and co-workers [14] , demonstrated the positive effects of oleuropein on lipopolysaccharide-challenged mouse macrophages. This resulted in higher nitric oxide production which is currently believed to be beneficial for cellular and organismal protection.
The present study was designed to assess cytotoxicity and proliferation of oleuropein and olive leaf extracts on activated lymphocytes. The brine shrimp bioassay provided little information on the actual pharmacological activity of the extracts, when compared to the proliferation assay. This was because the pharmacologically-inactive extract (NL1) in the BST, proved to be the most stimulatory extract in the WST-1 assay on lymphocytes. Furthermore, the LDH assay proved the low toxicity of the NL1 extract even after 96 h, as compared to OL1 and oleuropein. This is also supported by the fact that the BST and LDH assays measure cytotoxicity [15, 16] and mitochondrial activity is a measure of cell proliferation [17] [18] [19] . It was observed that oleuropein and olive leaf extracts had a stimulatory rather than an inhibitory effect on normal lymphocytes with no adverse effects on their morphology. In fact, they were capable of inducing lymphocyte activation with morphological characteristics similar to those of PHA-activated lymphocytes. Perhaps, the BST activity is basically the non toxic and stimulatory effects of Olea extracts, and that indicates their beneficial effects. Freshly isolated peripheral blood lymphocytes are resistant to apoptosis, and require prior activation before acquiring susceptibility to apoptosis [20] . It has been shown that the olive leaf extract activates protein kinase C [14] , which stimulates proliferation and modulates apoptosis, as in PHA-treated mammalian lymphocytes [21] . Oleuropein is also involved with the modulation of lymphocyte function antigen-1 (LFA-1) which is implicated in lymphocyte adhesion.
The functional groups of oleuropein correlate well with its activity on lymphocytes. An important characteristic to highlight is the fact that oleuropein aglycone can exist in two forms, the closed-ring and open-ring structures, at the secoiridoid part of the molecule [22] . The open-ring structure is more stable, and more biologically-active than the closed-ring form. When compared to other iridoid molecules, such as genipin, oleuropein lacks the cyclopentene ring which, when oxidized to a cyclopentenone, was found to be detrimental to lymphocytes by effectively activating their mitochondrial apoptosis pathway even in the absence of external death receptor signaling [23] .
Oleuropein possesses three potential α,β-unsaturated carbonyl moieties; one α,β-unsaturated aldehyde system on the secoiridoid part and two unstable α,βunsaturated keto systems in the catechol part arising from the oxidation of oleuropein [24] (Figure 1) . The biological activity of the α,β-unsaturated aldehyde system has been demonstrated previously for transcinnamic acid [25] and cucurbitacin E [26, 27] . This functionality correlates with the fact that oleuropein was non-toxic to lymphocytes, but with time the stimulatory activity led to the apoptotic phase at which point, possible structure modification of this compound can occur. This structure modification may be due to autoxidation of the oleuropein into the ortho-quionone derivative, i.e. in the catechol part of the structure [27] . This functionality may lead to nucleophilic alkylation of DNA, and hence exhibit cytotoxic activity. However, in this study it could be partially concluded that the α,β-unsaturated aldehyde system affects primarily the fate of the lymphocytes.
It is evident that oleuropein possesses lymphyocyte activation and proliferation properties. Oleuropein in the ethanolic extract was more effective than the pure oleuropein suggesting that the presence of other compounds might have a direct effect on lymphocyte activity. Therefore, it has been proven once again that the pharmacological activity of extracts are sometimes superior to that of pure compounds. The classical example of this, is the activity of β-carotene vis-à-vis the activity of the whole carotenoid extract [28] . Another consideration is that high doses of immunostimulatory drugs can cause cytotoxic and antitumour effects [26, 29] , therefore oleuropein warrants investigation along these lines. Although each extract has to be evaluated on its own merit, the claim that some olive leaf extracts have an immuneboosting effect is supported. (a) Cell proliferation assays were performed using the WST-1 tetrazolium (Boehringer-Mannheim, Germany) method for mitochondrial activity in flatbottomed microtiter test plates. Spectrophotometric measurements of optical density at 450/650 nm in an ELISA reader (Statfax 2100, Awareness, USA.) were carried out after 48 h. From the absorbance values, the relative percentage stimulation was calculated as the ratios of the experimental values to the value of the highest concentration for each extract or compound.
Experimental
(b) Cytotoxicity was estimated using the tetrazolium LDH cytotoxicity assay (Boehringer-Mannheim, Germany) and spectrophotometric measurement of dye absorbance obtained at 492/650 nm in an ELISA reader [16] . Cell suspensions treated with 100 µL Triton X-100 were used as 'high' controls, while the untreated cultures were used as 'low' controls. Cytotoxicity was estimated, at 48h and 96 h, from the absorbance values using the following equation: (c) Morphological characteristics were observed in lymphocytes stained with Eosin Azure 50 (EA 50) as adopted from the Papanicolau method [30] . The percentage of activated lymphocytes was observed at 48 h.
Numerical data were analyzed using the BMDP/DYNAMIC (v 7.0) (Cork, Ireland) statistical package for one-way analysis of variance (ANOVA), the Bonferroni post-hoc test for comparison of means with the control, one-way analysis of co-variance (ANCOVA) and two-tailed adjusted means T-test. Differences were considered statistically significant at a P value <0.05.
